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The recent achievements in studying the self-assembled evolution of micro- and nanoscale domain structures in uniaxial single
crystalline ferroelectrics lithium niobate and lithium tantalate have been reviewed. The results obtained by visualization of
static domain patterns and kinetics of the domain structure by different methods from common optical microscopy to more
sophisticated scanning probe microscopy, scanning electron microscopy and confocal Raman microscopy, have been discussed.
The kinetic approach based on various nucleation processes similar to the first-order phase transition was used for explanation of
the domain structure evolution scenarios. The main mechanisms of self-assembling for nonequilibrium switching conditions caused
by screening ineffectiveness including correlated nucleation, domain growth anisotropy, and domain–domain interaction have been
considered. The formation of variety of self-assembled domain patterns such as fractal-type, finger and web structures, broad
domain boundaries, and dendrites have been revealed at each of all five stages of domain structure evolution during polarization
reversal. The possible applications of self-assembling for micro- and nanodomain engineering were reviewed briefly. The review
covers mostly the results published by our research group.
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1. Introduction
The production of the periodic domain structure in commer-
cially available ferroelectric crystals is used for improvement
of the properties important for application (domain engi-
neering).1–3 The spatial modulation of the electro-optic,
photorefractive, piezoelectric, and nonlinear optical properties
allows one to develop the devices with upgraded perfor-
mance.3–5 The particular interest is related to creation of the
self-similar and quasi-periodic domain structures with high
wall concentration. The domain wall engineering is important
for improvement of the piezoelectric and dielectric proper-
ties.6–9 The recent achievements in study of the domain
structure evolution are conditioned by appearance of the do-
main visualization methods with high spatial resolution. It
gave rise to the domain nanotechnology (nanodomain engi-
neering) which can be used to manufacture the domain
structures with nanometer precision10–13 and creation of the
sub-micron-pitch domain gratings.14–17 The domain structure
evolution in nanoscale is associated with self-assembled
domain growth, domain shape instabilities, and formation
of the self-similar domain patterns.3,18 The self-organized
domain structures were recently observed by other scientific
groups during pulsed laser irradiation.19,20
The crystals of lithium niobate LiNbO3 (LN) and lithium
tantalate LiTaO3 (LT) family have been selected both as the
most important for application nonlinear optical materials due
to their large electro-optical and nonlinear optical coefficients
and as the model ferroelectrics with simple domain structure
with 180 walls only and possibility to vary the bulk
screening rate in wide range by temperature change.16 The
composition of the studied representatives of LN and LT
family changed from congruent to stoichiometric and in-
cluded both undoped and doped by MgO.21–24
Nowadays LN and LT are the most widely used objects of
the domain engineering. Application of electric field through
lithographically defined electrodes for domain patterning is
one of the most promising methods. However, high coercive
electric fields and the strong effect of domain widening out
of the area covered by electrode impose limitations on the
period of short-pitch domain patterns. Thus, up to now the
domain patterns with periods below one micron have not
been fabricated.
2. Experimental Study of Polarization Reversal
and Domain Kinetics
The micro- and nanodomain engineering has become recently
one of the most important areas of ferroelectric science and
technology. The main target of the domain engineering is
the manufacturing of the stable tailored domain patterns in
commercially available ferroelectrics in order to improve
their applied characteristics.1,25 The periodic domain struc-
tures open the wide possibilities in the development of
devices with upgraded performance owing to introduced
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spatial modulation of the electro-optic, photorefractive, pie-
zoelectric, and nonlinear optical properties.26–29 The modern
achievements in investigation of the ferroelectric domain
structures and their evolution invoked by recent appearance
of the domain visualization methods with high spatial reso-
lution gave rise to the new developing stage of the domain
engineering — domain nanotechnology (nanodomain engi-
neering).2,3,16 The purposes of nanodomain engineering are
manufacturing of the periodical domain structures with
nanoscale precision and creation of the sub-micron-pitch
domain gratings. The deeper research of the domain structure
evolution in nanoscale should be associated with self-
assembled domain growth, domain shape instabilities, and
formation of the self-similar (fractal) domain patterns.
Z-cut wafers of various representatives of LN and LT
family have been examined. For the in situ investigation
of the domain kinetics in a uniform electric field the 1-mm-
diameter circular transparent electrodes of two types were
used: (1) liquid electrolyte (water solution of LiCl) in a
special fixture and (2) In2O3:Sn (ITO) films deposited by
magnetron sputtering. The direct observations of the domain
evolution were carried out using a polarizing microscope with
simultaneous video recording and subsequent processing of
the image set.
The number of different experimental techniques ranging
from common optical microscopy to more sophisticated pi-
ezoelectric force microscopy (PFM), scanning electron mi-
croscopy (SEM), and confocal Raman microscopy (CRM)
have been used for the investigation of the static domain
patterns and the kinetics of the domain structure in crystals of
LN and LT family. A review of modern experimental meth-
ods has been published recently.30,31
The known methods used for visualization of the static
domain patterns30,31 can be divided into two groups. The
methods of the first group require the preliminary revealing of
the domain pattern by selective chemical etching, while the
second group does not require any treatment. It is clear that
any preliminary treatment is undesirable because it can sig-
nificantly affect the investigated domain pattern.32
2.1. Selective chemical etching
It is easy to obtain the surface relief corresponding to the
domain pattern at the polar surface in LN and LT since the
etching rates for Z face are hundreds times faster than for
Zþ one for etching by HF acid.33 The revealed relief can be
visualized by optical microscopy, SEM and AFM.30,34,35 The
visualization by SEM provides the highest available spatial
resolution which is below 2 nm, and ability to obtain the
surface localization in depth below 100 nm.
2.2. Visualization without any treatment
The large linear electro-optic effect in LN and LT makes
possible optical visualization of domains with neutral and
charged walls using polarized and phase contrast modes. The
method allows one to realize in situ visualization of the
domain kinetics with high temporal resolution limited by
the frame rate of CCD camera only.
PFM allows one to visualize the domain patterns at the
polar surfaces with nanoscale spatial resolution. The local
values of amplitude and phase of the piezoelectric response
are recorded during scanning along the surface. The phase
signal allows to reveal the domain contrast, whereas the
amplitude signal can be used for visualization of the domain
walls with the resolution ranged from 10 to 30 nm.34–39
CRM is able to visualize the domain structure in the bulk
with the spatial resolution below the diffraction limit.40–42
The set of two-dimensional (2D) domain images obtained in
the bulk using layer by layer scanning at various depths
can be used for extracting the information about the time
evolution of the domain structure at the polar surface.41,42
The earlier moments of the domain evolution at the sample
polar surface can be restored from layers scanned deeper in
the bulk.31
3. Kinetic Approach to Domain Structure Evolution
The domain structure evolution can be considered as a mani-
festation of the various nucleation processes similar to the first-
order phase transition.43,44 Within this kinetic approach the
neighboring domains are similar to the volumes of different
phases divided by interfaces (domain walls). The domain
structure evolution can be considered as a result of thermally
activated generation of one-, two-, and three-dimensional nu-
clei (1D-, 2D-, and 3D-nucleation) with preferred orientation
of the spontaneous polarization.
The domain wall motion is a result of step generation
at the wall (2D-nucleation) and step growth along the wall
(1D-nucleation). The nucleation probability is determined by
the local value of the electric field averaged over the nuclei
volume (the driving force).1,4,45
The shape of isolated domain is defined by position of
the nucleation sites at the domain walls. The usual hexagon
domain shape in LN with walls oriented along Y-directions
is caused by the determined nucleation at three nonadjacent
domain only and step propagation along three allowed
Y-directions (Fig. 1).4
Fig. 1. Determined nucleation in LN crystal.
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4. Main Mechanisms of Self-Assembling
4.1. Screening ineffectiveness
The nucleation probability for domain growth is governed by
local value of the electric field averaged over the nucleus size
(\local field" Eloc).
4,45 It is clear that Eloc is spatially inho-
mogeneous and changes essentially during polarization re-
versal. Eloc includes several components: (1) the external field
(Eex) produced by applied voltage, (2) the residual depolari-
zation field (Erd) produced by bound charges and external
screening charges, which depends on the domain shape and
sizes, (3) the bulk screening field (Eb) governed by bulk
screening processes.46,47
Elocðr; tÞ ¼ EexðrÞ þ Erdðr; tÞ þ Ebðr; tÞ: ð1Þ
Our approach to the field induced domain kinetics is based on
the consistent accounting of the bulk screening effects. The
residual depolarization field Erd remains in the bulk of the
switched areas after completion of the external screening due
to existence of the intrinsic or artificial dielectric surface layer
(gap) in ferroelectric capacitor.45,48 In typical experimental
conditions, Erd value is close to threshold field (Eth) needed
for beginning of the nucleation process.
The three groups of the bulk screening mechanisms can
be considered: (1) redistribution of the bulk charges,45,48 (2)
reorientation of the defect dipoles,49 (3) injection of the
carriers from the electrode through the dielectric gap.50,51 All
bulk screening mechanisms are slow with time constants
range from milliseconds to days and months. The retardation
of bulk screening can be characterized by screening ineffec-
tiveness (R) which represents the ratio between switching rate
(1/ts) and bulk screening rate (1=scr)
4:
R ¼ scr=ts: ð2Þ
The three ranges of the screening conditions can be distin-
guished: (1) R 1 — complete screening, (2) R  1 —
incomplete screening, and (3) R 1 — ineffective screen-
ing. It has been revealed experimentally and by computer
simulation that the proposed ranges correspond to qualita-
tively different scenarios of the domain structure evolution.4
The complete screening (R 1) represents the quasi-
equilibrium switching conditions, when the bulk screening
is fast enough to keep pace with the changes of Erd and
results in classical layer-by-layer domain wall motion. The
incomplete screening (R  1) makes the switching condi-
tions nonequilibrium resulting in deceleration of the classical
wall motion and formation of the finger-type structure
(\fingering").4,16 The impediment of the approaching walls
results in existence of the residual micro- and nanodomains
after ending of the switching process. The ineffective
screening (R 1) makes the switching conditions highly
nonequilibrium which leads to \discrete switching" by for-
mation of the self-organized nanodomain structures, such as
broad domain boundary (BDB) and web-like nanodomain
ensembles.1,4
We have investigated and verified by computer simulation
the kinetic nature of the domain shape. It is clear that the
observed wall orientation would be determined by the step
concentration. A similar effect is observed for vicinal faces
during crystal growth. For very low step concentration caused
by much faster step growth as compared with the step gen-
eration the classical hexagons have to be observed. The
simulation of the domain growth for wide range of R values
allows us to obtain the smooth variation of the domain shapes
from equilateral hexagon to stars with three rays (Fig. 2).
4.2. Correlated nucleation
Formation of the self-assembled domain structures is driven
by the correlated nucleation effect in the vicinity of the do-
main wall.45,52–55 The origin of the effect is the appearance
of the local field maximum in front of the moving domain
wall for ineffective screening conditions in the ferroelectric
capacitor with surface dielectric gap.45,54–56 It has been
shown by computer simulation that the pronounced maxi-
mum of the local electric field is situated at the boundary of
the ferroelectric medium and the surface dielectric gap at the
distance from the wall about the thickness of the dielectric
gap L (Fig. 3).4
The correlated nucleation leads to formation of quasi-
regular structure of isolated micro- and nanodomain for in-
effective screening conditions. It is known that appearance of
the trail of partially screened residual depolarization field
Fig. 2. Domain shapes obtained during computer simulation for
various values of screening inefficiency.
Fig. 3. (a) The calculated local field distribution near the stripe
nonthrough domain at different depths from the surface dielectric
layer. (b) Local field maximum Emax and (c) distance from the wall
to the position of field maximum xmax versus the depth. The distance
from the wall and the depth are divided by the thickness of the
surface dielectric layer L. Reprinted with permission from Ref. 4.
Copyright 2005, Wiley-VCH Verlag GmbH & Co. KGaA.
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behind the moving domain wall decelerates and even termi-
nates the classical wall motion by step generation and growth
along the wall (step-by-step growth). In addition, the field
produced by the trail increases the 3D-nucleation probability
at the certain distance in front of the moving wall which
results in appearance of isolated nanodomains. The correlated
nucleation effect leads to formation of the quasi-regular
domain chains aligning along the domain walls.
4.3. Growth anisotropy
The experimentally observed anisotropy of the step growth
along the wall can be attributed to anisotropy of the bulk
conductivity. We assume that the hopping electronic type
conductivity dominates in LN and LT crystals at RT is
anisotropic along Y polar axis.1 This assumption allows us
to explain the anisotropic growth of elementary steps along
the domain wall, which leads to formation of the plane
walls.1 Moreover, the nonequivalence of Yþ and Y crys-
tallographic directions of Y polar axis leads to the growth
of strictly oriented nanodomain chains and arrays.
4.4. Domain–domain interaction
The isolated domains interact with each other, resulting in
feedback-type mechanisms that strongly affect the self-orga-
nized domain kinetics. The domain–domain interaction was
thoroughly studied in LN by SPM. Application of field pulses
to the SPM tip in contact with the surface led to formation of
domain which can be detected in PFM mode.37,57 Applica-
tion of the set of field pulses during scanning resulted in a
formation of the domain chain. The uniform domain size is an
indicator of the high LN quality. Generally, domain growth
follows kinetic laws with domain size proportional to the tip
bias (above a certain threshold corresponding to domain
nucleation) and approximately logarithmic with the pulse
time.58
The unusual effects are observed when the spacing be-
tween the points of bias field application is varied (Fig. 4).59
On decreasing the distance between the field application
sites, the domain sizes become nonequal. The intermittency is
observed, when only every second site of bias application
contains the domain, and also nonequal domain sizes with
double periodicity were observed. On further distance
decrease, the period tripling and formation of aperiodic or
long-periodic structures were observed.59
The simulation of the field distribution in the vicinity of
the isolated domain has demonstrated the maximum of the
switching field at certain distance from the domain wall.59
5. How to Achieve Nonequilibrium Switching
Conditions
The completely ineffective screening of Erd can be achieved
by acceleration of the domain kinetics or by increasing of
Erd using various methods: (1) superfast switching, (2)
creation of the artificial surface dielectric layer, (3) switch-
ing by pyroelectric field appeared during cooling after pulse
heating.
5.1. Superfast spontaneous backswitching
The acceleration of the switching by application of the strong
electric field is the simplest way to obtain nonequilibrium
conditions, but its application in congruent LN (CLN) and
congruent LT (CLT) is hampered due to extremely high
threshold fields. That is the reason to use backswitching after
rapid electric field switch-off.27,60,61 The backswitching
under the action of the internal charges allows one to avoid
the electrical breakdown. The backswitched poling has been
applied successfully for the first creation of the nanoscale
domain structure in CLN.26
5.2. Creation of the artiﬁcial dielectric surface layer
Increasing of Erd can be achieved by creation of the artificial
surface dielectric layer by deposition of uniform dielectric
film or by modification of the surface layer. The spinning of
photoresist and deposition of the dielectric film, as well as
surface modification by proton exchange54,55,62,63 and ion
irradiation64 were used. The tailored thickness of the dielec-
tric gap allows one to control the period of the self-organized
nanodomain structures.
5.3. Switching under the action of the pyroelectric ﬁeld
The almost complete suppression of the external screening
can be realized for switching without external circuit under
Fig. 4. Evolution of domain morphologies in a single chain as a
function of domain–domain distance. Usw ¼ 40V. Note (b) the
clearly visible period doubling and (c,d) intermittent behaviors.52
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the action of the pyroelectric field during cooling after pulse
heating.65–67 The formation of the nanodomain structures has
been obtained during cooling after heating by pulse infrared
laser ( ¼ 10:6m).68,69 The revealed rules of the oriented
growth of nanodomain chains strictly along Y crystallo-
graphic axis followed by reflection of interacting chains and
branching allowed one to produce the stable self-assembled
nanodomain structures with the depth up to hundreds of
microns.66,67,70
6. Five Stages of Domain Evolution during
Polarization Reversal
The five main stages of the domain structure evolution can
be revealed during polarization reversal from the single
domain state: (1) nucleation of new domains, (2) forward
domain growth, (3) sideways domain growth, (4) domain
coalescence, and (5) spontaneous backswitching (Fig. 5).1
Nucleation of new domains is the stage which is the most
difficult for direct experimental study as it requires visuali-
zation of the appearance of isolated nanoscale needle-like
domains (Fig. 5(a)). Moreover, it is still under discussion if
the initial domain state is really single-domain or it contains
irremovable nanodomains.45
Forward domain growth represents a relatively fast ex-
pansion of the needle-like domains through the sample in
polar direction by rapid motion of the domain tip (Fig. 5(b)).
The direct observation of this comparatively short stage
encounters experimental difficulties and is still poorly
explored.
Sideways domain growth (spreading) stage is the best
studied experimentally by in situ optical methods, which
possess high temporal but insufficient spatial resolutions. At
this stage the domain growth is achieved through the domain
wall motion in the direction perpendicular to the polar one
(Fig. 5(c)).
Coalescence of residual domains (merging) occurs when
the polarization reversal is close to the completion (Fig. 5(d)).
This stage is characterized by pronounced deceleration of the
approaching domain walls due to electrostatic interaction.
The incomplete merging leads to formation of the residual
isolated nanodomains and net structures.54
Spontaneous backswitching (flip-back) after applied
electric field switch-off represents partial restoration of the
initial domain state by backward wall motion and by ap-
pearance of the domains with initial direction of the sponta-
neous polarization (Fig. 5(e)).26,60
According to above discussed mechanisms the formation
of the self-assembled domain structures can be realized at
any stage of the domain evolution during polarization re-
versal. Let us discuss the manifestations of self-assembling
at different stages.
7. Self-Assembling for Nucleation
The formation of the dense nanodomain self-assembled
structure was observed in CLN with polar surface modified
by proton exchange (Fig. 6).54,55 The structure appeared
between approaching walls of two large hexagonal domains
during polarization reversal. Analysis of the set of CRM
domain images obtained at different depths revealed the main
stages of the structure formation. At the beginning, the ori-
ented growth along Y-direction of the nanodomain chains
connecting the approaching domains prevailed (Fig. 6(a)).
Further, the chains of the first generation merged into
domain rays (trunks). Finally, the branching (growth of the
short domain chains) started from the primary trunks. The
(a) (b)
(c) (d)
(e)
Fig. 5. The main stages of the domain structure evolution during
polarization reversal from the single domain state.1
Fig. 6. Self-assembled nanodomain rays in CLN with surface layer
modified by proton exchange. Images at different depths obtained at
modified Z surface and deeper: (a) 68m and (b) at the surface.
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branching with subsequent merging resulted in formation
of very dense patterns of nanodomain rays, which could be
seen close to the modified surface (Fig. 6(b)).
7.1. Broad domain boundary
The formation of the correlated domain structure was visu-
alized by CRM in CLN with the 1:7m-thick surface layer
modified by proton exchange after partial switching (E ¼
21:0 kV/mm).54,55 It was found that polarization switching in
CLN with PE layer led to arising of the chains of needle-like
domain in the vicinity of the domain walls.
The isolated domains grew in polar direction and finally
merged with the initial domain. The region with a huge
concentration of nonthrough domains enlarging by arising of
new domain chains and slow domains growth was called
BDB.54 It was noticed that appeared regular domain structure
was arranged according to the crystal symmetry. It looks
like the revealed average domain size of BDB about 200 nm
was limited by CRM spatial resolution.55 The depth of BDB
(length of isolated needle-like nanodomains) extracted by
analysis of the set of bulk CRM images ranged from 20 to
50m. It should be noted that the high-resolution PFM and
SEM methods cannot be used for domain visualization at the
polar surfaces modified by proton exchange.55
It was shown by optical microscopy that polarization re-
versal process started with appearance and growth of the
isolated hexagonal domains, similarly to conventional
switching.55 The intensive nucleation at the hexagon vertices
led to lack of the domain shape stability for domain size
above 20m and to formation of the nanodomain structure in
front of the moving wall (Fig. 7). The width of the stripe
nanodomain area increased with domain growth.55
The similar BDB domain structure in CLN with photo-
resist layer was visualized by CRM and also by PFM with
higher spatial resolution.71 It was shown that BDB repre-
sented the micron-size domains surrounded by the nanodo-
main chains (arrays) oriented along Y-directions. The
diameter of the individual nanodomains ranged from 30 to
60 nm. The average nanodomain period in arrays was about
90 nm.
Formation of the nanoscale domain structure in the sur-
face layer has been revealed in CLN crystals irradiated by
pulse UV laser.65 The obtained dot&dash, rays, and fractal-
type self-assembled structures have been analyzed statisti-
cally. The optical observations clearly demonstrated that
domain rays have grown strictly along Yþ crystal directions
(Fig. 8). It has been shown by high-resolution microscopy
that the rays represent the chains of individual needle-like
nanodomains. Computer simulation of the domain structure
formation by growth and reflecting of the rays accompanied
by their branching based on experimentally revealed rules
was carried out.65 The simulated structures are in good
agreement with the experimental ones. The fractal analysis of
the domain clusters proved their self-similarity in wide size
range.
7.2. Dendrites
The formation of the complicated self-organized dendrite-like
domain structures was observed during polarization reversal
at the elevated temperatures. Two stages of the dendrite
growth have been separated: (1) \fingering" representing the
(a) (b) (c)
Fig. 7. In situ optical visualization of BDB formation in CLN with
1:7m-thick PE layer during polarization reversal. E ¼ 21:5 kV/
mm. Time from switching start: (a) 0.07 s, (b) 0.34 s and (c) 0.82 s.48
Fig. 8. (a) Quasi-periodic and (b) fractal-type domain structures in
CLN after pulse laser irradiation.
(a) (b) (c)
(d) (e) (f)
Fig. 9. The formation of the domain structures during application of
two pulses extracted from the CRM images obtained at the different
depths: (a)–(c) hexagonal domain star during the first pulse, (d)–(f)
dendrite domain structure during the second pulse. Reprinted with
permission from Ref. 73. Copyright 2012, AIP Publishing LLC.
V. Shur et al. J. Adv. Dielect. 5, 1550015 (2015)
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loss of the wall shape stability72 and (2) \branching" by
formation of the new arrays starting from the initial one.
The formation of dendrite domain shapes has been studied
in SLN crystals during polarization reversal at T > 230C
(Fig. 9).73 The independent domain growth after merging at
the elevated temperatures caused by dominating of stochastic
nucleation resulted in complicated domain shapes including
dendrites. The domain shape was close to six-ray stars with
vertices oriented along six Y-directions with the length of Yþ
rays essentially longer than of Yones.
The main stages of the dendrite structure formation for
application of the single pulse were revealed. (1) Appear-
ance of a single isolated domain. (2) Appearance of three
isolated domains at the equal distances from the central
one in Yþ directions suppressing its further growth. (3)
Appearance of three isolated domains at the equal distances
from the central domain in Y-directions. (4) Oriented growth
of the domain chains with a sub-micron period in Yþ
directions. (5) Formation of six-ray stars as a result of do-
main merging. (6) Formation of star-like structure as a result
of ray broadening.73
8. Self-Assembling for Forward Growth
The self-assembled dense quasi-regular domain structures
appeared in stoichiometric LT (SLT) crystals doped with MgO
(MgOSLT) during polarization reversal in low field applied by
solid-state electrodes.74–76 The domain structure was revealed
by deep etching at Z polar surface (Fig. 10). It was shown that
the average structure period (1:2 0:1) m is independent on
the applied external field. This fact confirms the self-organized
nature of the obtained structures. The structure was attributed
to formation and growth of the charged domain walls (CDW)
situated close to Z polar surface. The CDW aperture mea-
sured by CRM was about 10m. The appearance of CDW
leads also to significant increase of the low frequency dielectric
permittivity as compared to the initial single domain state.74
The formation and field-induced evolution of self-orga-
nized CDW was investigated in CLN at room temperature
using in situ methods.77 The optical-grade single-domain
0.2-mm-thick wafers cut perpendicular to the polar axis
with typical area 6 6mm2 were used. Transparent In2O3:Sn
electrodes (3mm diameter) were deposited on Zþ and Z
surfaces. Rectangular voltage pulses with amplitude up to
5 kV and duration ranging from 1 to 30 s were applied to the
wafer at room temperature. In the experimental conditions
used, the domains nucleated at the Zþ surface, grew in the
forward direction, and coalesced at Zþ, but did not reach the
Zsurface, thus forming large isolated domains bounded by
the CDW (Fig. 11). A strong dependence of CDW shape on
the value and sign of the applied field was observed.77 The
mechanism of CDW self-maintained propagation governed
by self-consistent electrostatic interaction between the wall's
steps and formation of the quasi-regular dented structure was
proposed (Fig. 11(d)).77
9. Self-Assembling for Sideways Wall Motion
The classical step-by-step sideways motion of the planar
domain wall can be completely suppressed by ineffective
screening of Erd. In this case, the alternative mechanism of
ongoing wall motion by formation and growth of protuber-
ances takes place, which leads to lack of the domain wall
Fig. 10. Domain structure revealed by selective chemical etching
and visualized by AFM in MgOSLT.
(a) (b)
(c) (d)
Fig. 11. CDW (a) Zþ view, (b) Z view, (c) Y view, and (d) scheme
(Y view, white arrows — direction of boundary propagation), pat-
terns revealed by etching and visualized by optical microscope;
sample thickness 0.2mm. Reprinted with permission from Ref. 77.
Copyright 2000, AIP Publishing LLC.
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shape stability and to formation of the self-assembled domain
structure with sub-micron fingers (Fig. 12).4
The first protuberance induced by the local field inho-
mogeneity grew leading to formation of a single finger ori-
ented along the Y-crystallographic direction (Fig. 12(a)). The
correlated nucleation effect stimulates the self-assembled
generation of the neighboring fingers and results in formation
of the quasi-regular finger structure (Figs. 12(b) and 12(c)).
10. Self-Assembling for Domain Merging
It was shown that the deceleration of the motion of
approaching parallel Y-oriented walls of hexagonal domains
before merging in CLN-PE leads to formation of residual
domains in the area where the merging occurred (Fig. 13).
The formation of the chains of residual domains of lenticular
shape was revealed by PFM. Pronounced maximum in the
self-correlation function of the image of domains chain is the
evidence of their correlated formation. Average structure
period is about 20m, the domain width is about 1m and
the depth is about 40m (Fig. 13).
11. Self-Assembling for Backswitching
Correlated nucleation has been obtained for the first time in
CLN during backswitching after the abrupt external field
switch-off (Fig. 14(a)). This effect has been attributed to the
record-breaking value of spontaneous polarization in CLN,
leading to extremely high value of the bulk screening field.
After the external field switch-off, the local field changes the
sign for incomplete screening.14,26
It has been shown that the backward domain wall motion
is achieved through enlarging of the self-assembled nano-
domain structures (Fig. 14(a)). The nanodomain arrays has
been revealed during backswitching in CLN in the vicinity of
the stripe electrodes under artificial dielectric layer.4,14,26 The
arrays were oriented mostly along Y crystallographic direc-
tions and consisted of 30–100-nm-diameter needle-like
domains (Fig. 14(b)). Similar quasi-regular nanodomain
structures appeared in CLN with waveguides in the area
covered by dielectric surface layer formed by proton ex-
change (Fig. 15).15
The alternative scenario of the backward wall motion is
realized through formation and propagation of the quasi-
regular structure of fingers strictly oriented along Y-directions,
which differ for different sides of the stripe domain
(Fig. 16(b)). These finger structures grow towards each other,
but the electrostatic interaction between approaching fingers
prevents their merging.4 The same effect prevents merging
of the neighboring fingers. As a result, the stable structure
of residual domains forms (Fig. 16(b)).
(a) (b)
(c)
Fig. 12. Stages of the lack of the wall shape stability through for-
mation of the finger structure in CLN with artificial dielectric layer.
Optical observation of domains was revealed by etching. Reprinted
with permission from Ref. 4. Copyright 2005, Wiley-VCH Verlag
GmbH & Co. KGaA.
Fig. 13. Residual domains in CLN-PE appeared during domain
merging. PFM visualization.
Fig. 14. Nanodomain arrays in periodically poled CLN oriented
along Yþ directions. Zþ view. Domain patterns revealed by etching
and visualized by SEM. Reprinted with permission from Ref. 14.
Copyright 2000, AIP Publishing LLC.
Fig. 15. Sub-micron scale domain arrays appeared during poling
of CLN with proton exchanged waveguides visualized by optical
microscope.
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The formation of nanodomain structures generated under
highly nonequilibrium switching conditions arising after ap-
plied field abrupt switch off was also investigated by com-
puter simulation within kinetic approach. The process of the
spontaneous backswitching in stripe domain was considered.
It was shown that the spontaneous backswitching resulted in
formation of the connected quasi-regular structure of residual
domains (Fig. 17(a)).78 This result was confirmed experi-
mentally in LN crystals (Fig. 17(b)).78
12. Nanodomain Engineering
Since the last decade periodically poled LN (PPLN) is pro-
duced industrially for nonlinear optics. The available PPLN
with standard 6 to 20m periods, allows efficient optical
parametric interactions using the quasi-phase-matching
(QPM) over a wide wavelength range (0.8–3m), with main
applications to tunable coherent sources (optical parametric
oscillation, OPO) in the infrared range and all-optical signal
processing components working at fiber optics tele-
communications wavelengths (wide band amplifiers and
frequency converters).28,79,80 Nevertheless, those applications
are limited to the infrared because of the absence of PPLN
with periods below 6m. This bottleneck prevents the usage
of PPLN for the realization of OPO working in the visible
range.
The interest in short period PPLN goes well beyond its
potential usage in standard applications based on co propa-
gative QPM parametric interactions, when all interacting
waves: pump, signal, and idler, propagate in the same di-
rection. The realization of PPLN with submicron period
would open the counter-propagating optical parametric
interactions in which pump and signal or idler waves prop-
agate in opposite directions. This configuration exhibits a
large variety of new effects which have been extensively
studied theoretically, including realization of a mirror-less
OPO.81 All-optical telecom signal processing, pulse genera-
tion using continuous pumping, convective soliton generation
and slow light would benefit from this configuration.
The correlated photon sources exhibiting three orders
of magnitude narrower bandwidth as compared to the widely
used co-propagating sources would have numerous applica-
tions in quantum communication. Furthermore, the short
period PPLN would allow the realization of electro-optically
(EO) switchable Bragg gratings with an unrivalled capacity
of integration. Potential applications of those EO Bragg
gratings are numerous, in particular for telecom optical
components: tunable resonators for tunable fiber or integrated
laser sources, gain equalizers for optical amplifiers, optical
add-drop multiplexers, and so on. Ferroelectric domain en-
gineering in LN has reached the level where submicron do-
main structures can be fabricated over a depth of a millimeter;
that is, demonstrating aspect ratios exceeding three orders
of magnitude.
13. Conclusion
The formation of micro- to nanoscale self-assembled domain
structures was investigated in single crystals of LN and LT
family. The domain structure evolution has been explained
within the kinetic approach based on the various nucleation
processes similar to the first-order phase transition. The nu-
cleation probability for domain growth is governed by the
local value of the electric field averaged over the nucleus size.
The used approach to the field induced domain kinetics is
based on the consistent accounting of the bulk screening
effects and the crucial role of the retardation of residual de-
polarization field screening. The ineffective screening makes
the switching conditions highly nonequilibrium which leads
to formation of the self-organized nanodomain structures,
such as BDB and web-like nanodomain ensembles due to
correlated nucleation, domain growth anisotropy and do-
main–domain interaction mechanisms. The completely inef-
fective screening conditions were achieved by acceleration of
the domain kinetics or by increasing of the residual depo-
larization field using various methods: (1) superfast switch-
ing, (2) creation of the artificial surface dielectric layer, and
(3) switching by pyroelectric field appeared during cooling
after pulse heating. The formation of various types of self-
(a) (b)
Fig. 16. (a) Backswitching in CLN. AFM image. (b) Hexagonal
dendrite domain structure formed in MgO:LN with artificial
dielectric layer. Optical observation. The domains revealed by
etching. Reprinted with permission from Ref. 4. Copyright 2005,
Wiley-VCH Verlag GmbH & Co. KGaA.
(a) (b)
Fig. 17. (a) Computer simulation of the formation of nanodomain
structure in the stripe domain during backswitching. (b) The domain
structure appeared as a result of spontaneous backswitching in CLN
after external field abrupt switch off. Visualization by optical
microscopy.
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assembled domain patterns has been revealed at each of
five stages of domain structure evolution during polarization
reversal. The appearance of oriented nanodomain chains and
BDB during polarization reversal with surface layer modified
by proton exchange and oriented rays, fractal-type domain
structures after pulsed laser irradiation and dendrites during
switching at elevated temperatures were revealed at the nu-
cleation stage. The self-assembled dense quasi-regular do-
main structures were formed in MgOSLT and CLN single
crystals during switching in low field applied by solid-state
electrodes at the forward growth stage. The growth of self-
assembled domain structure with sub-micron fingers was
demonstrated at the sideways wall motion stage. The for-
mation of quasi-regular chains of residual domains was
revealed in CLN with surface layer modified by proton ex-
change at the domain merging stage. The correlated nucle-
ation effect has been obtained for the first time in CLN during
backswitching stage after the abrupt external field switch-off,
the formation of nanodomain rays and quasi-regular structure
of fingers was revealed in this case. The obtained quasi-
regular domain structures can be used for realization of
counter-propagating optical parametric interactions and real-
ization of EO switchable Bragg gratings with an unrivalled
capacity of integration.
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